Abstract Due to several apparent advantages over methanol, dimethyl ether (DME) has been viewed as a promising alternative fuel for direct fuel cell technology. Similar to methanol, DME oxidation requires a surface oxidant, such as OH, for the removal of adsorbed CO. Consequently, the reaction occurs at much faster rates on binary PtRu catalysts than Pt alone. In this work, PtRu catalysts with a wide variety of Pt-to-Ru ratios were systematically studied in the direct DME fuel cell (DDMEFC) operating at 80°C. A Pt 50 Ru 50 catalyst was found to perform the best at high and middle voltages, while a Pt 80 Ru 20 catalyst performed best at low voltages. DDMEFC operation conditions, such as DME flow rate, anode back pressure, DME-to-water molar ratio, and membrane thickness, were also studied in order to maximize the cell performance. A maximum power density of 0.12 W cm −2 obtained in this work exceeds the highest reported DME performance.
Introduction
The rapid development of portable electronic devices, such as mobile phones, notebooks, and digital cameras, has significantly increased the demand for high-output power sources. The direct methanol fuel cell (DMFC) has long been viewed as a highly promising power source for such devices thanks to the high energy density of methanol and no requirement for fuel reforming. However, the DMFC performance is limited by various factors, including the slow kinetics of methanol oxidation, crossover of methanol and ruthenium from the anode to the cathode side of the cell, and safety concerns over the methanol fuel itself.
Dimethyl ether (DME), a widely used gas for aerosol propulsion, solvents, and coolants, has been investigated in the last decade as an alternative fuel for direct-feed fuel cells [1] . Complete oxidation of one DME molecule to CO 2 releases 12 electrons and, similar to the oxidation of methanol, does not require a C-C bond scission:
The energy density of DME is higher than that of methanol (8.2 vs. 6.1 kWh kg −1 ), and the theoretical open-cell voltage of the direct DME fuel cell (DDMEFC) is close to that of the DMFC (1.18 vs. 1.21 V at 25°C). Because of a lower value of the dipole moment, the DME fuel crossover is less than methanol, mitigating the negative impact on the cathode due to mixed potentials [2, 3] . DME is also less toxic than methanol and can be conveniently stored and transported using existing infrastructure and technologies. A comparison of selected physicochemical properties of DME and methanol is shown in Table 1 .
The DDMEFC has been studied to a much lesser degree than other direct-feed fuel cells that use methanol, ethanol, and formic acid as fuels. A summary of the DDMEFC development can be found in a recent review by Serov et al. [4] . To date, the mechanism of DME oxidation has not been fully clarified yet. Traces of methanol and formic acid were detected in the DDMEFC anode exhaust by Müller et al. [2] and by Tsutsumi et al. [5] , respectively. As a result, different DME electrooxidation mechanisms were proposed. A possible mechanism of DME oxidation on Pt was proposed by Müller et al. [2] :
Pt HCO ð
Several DME adsorption species, such as (CH 3 OC-) ad , CO L (linearly bonded CO), and CO B (bridge-bonded CO), were detected by in situ infrared (IR) spectroscopy [6] [7] [8] [9] . The fractional coverage of CO L was found to increase with potential from 0.1 to 0.4 V, reaching more than 0.5 in the potential range from 0.3 to 0.5 V [8] . The oxidation of CO ads is most likely the rate-determining step (RDS) of DME oxidation at low potentials. Similar to methanol oxidation, bimetallic platinum-based alloys capable of mitigating the poisonous effect of CO ads on Pt were found to be the most effective in DME oxidation. Liu et al. [10] investigated the DME oxidation on a series of PtM/C (M=Ru, Sn, Mo, Cr, Ni, Co, W) and Pt/C electrocatalysts and demonstrated that PtRu/C shows the best electrocatalytic activity and the highest tolerance to the chemisorbed species at low potentials, specially below 0.55 V (at 50°C). In the DDMEFC, performance of PtRu was found to be superior to that of Pt, PtPd [11] , and PtSn [12] .
This work represents the first systematic study of unsupported PtRu catalysts with different atomic compositions (Pt 90 Ru 10 , Pt 80 Ru 20 , Pt 67 Ru 33 , Pt 50 Ru 50 , Pt 40 Ru 60 , and Pt 34 Ru 66 ) in the DDMEFC anode at 80°C. The role of Ru in these binary electrocatalysts is discussed based on the experimental results. Also studied is the effect of fuel cell operation conditions, such as the DME flow rate, anode back pressure, DME-to-water molar ratio, and membrane thickness. These are important factors in maximizing the DDMEFC performance and bringing it closer to the performance of a DMFC.
Experimental Section

MEA Preparation
The membrane-electrode assemblies (MEAs) were fabricated using Nafion ). The MEA was sandwiched between two graphite serpentine flow fields. The flow fields were placed in between two aluminum compression plates, which were held together with a set of eight retaining bolts positioned around the periphery of the cell. The cell was operated at 80°C. DME gas (99 % purity, Aldrich) was bubbled through the humidity bottles and then fed to the anode. Before switching to the DDMEFC operating mode, the cell was first operated on H 2 to assure adequate performance of the cathode. The hydrogen/air fuel cell performance was recorded after a 2-h break-in at 0.7 V using fully humidified gases at a back pressure of ca. 1.4 bar (ca. 2.2 bar absolute at the Los Alamos altitude). To measure the high-frequency resistance (HFR), a sinusoidal voltage perturbation between 2 and 10 kHz (chosen to minimize capacitance) was applied to the fuel cell load. During DMFC testing, methanol was pumped through the anode flow field at a flow rate of 1.8 mL min
, using a high-pressure liquid chromatography pump (Shimadzu LC-10AS). To determine the fuel crossover, nitrogen was fed into the cathode, and the cell was operated in a driven mode using an external power supply (HP 6061A, Hewlett-Packard, USA). All results reported below are the average from three independent experiments.
Electrochemical Measurements
As for electrochemical ("half-cell") measurements, catalyst powders were ultrasonically dispersed in a mixture of Millipore ® water and 5 % Nafion ® suspension in alcohols (Ion Power, Inc) for 30 min. Fifteen microliters of the ). The electrochemical measurements were performed using a CHI Electrochemical Station (model 750b) in a conventional three-electrode cell. A platinized platinum electrode immersed in the supporting electrolyte (0.1 M HClO 4 ) saturated with forming gas (6 % H 2 in N 2 ) was used as a reference electrode. All measured working electrode potentials were later converted to the reversible hydrogen electrode (RHE) scale. A graphite rod was used as the counter electrode. The working electrode was electrochemically cleaned under a nitrogen atmosphere in the electrolyte between 0.05 and 1.2 V at a scan rate of 50 mV s −1 until a steady-state voltammogram was obtained. DME gas was bubbled through the 0.1 M HClO 4 solution at ambient pressure for ca. 3 min to form a saturated solution with a saturation DME concentration of 0.81 M (estimated from the sea level solubility DME in water of 1.05 M [6] , subsequently corrected for the altitude of Los Alamos using Henry's law). All experiments were carried out at room temperature.
Results and Discussion
DDMEFC Tests with Different PtRu Catalysts
Six PtRu catalysts were evaluated at the DDMEFC anode. The fuel cell voltage and HFR as a function of the current density are plotted in Fig Higher OCV values are measured with Ru-rich catalysts, which also show better performance at high fuel cell voltages, where the performance is controlled by the kinetics of the anode process. Pt-rich catalysts perform better at low voltages, near the peak of power density. This effect can be explained by a bifunctional mechanism for DME oxidation, in which Ru acts as a source of the surface oxidant, most likely H 2 O-derived OH species, for the chemisorbed CO intermediate, thus reducing the degree of Pt-site poisoning. However, at extreme cases, i.e., at a high content of the second metal, this beneficial effect is offset by the "dilution" of the Pt sites on the catalyst surface. Particularly, clusters of two to three Pt atoms are required for DME adsorption and its subsequent dehydrogenation. The probability of cluster formation is lowered in the presence of the second metal (e.g., Ru), which, for a high second-metal content, is expected to lead to a change in the RDS from CO oxidation to CO formation [10, 12, 13] . Similar reasoning has been used to explain the optimal PtRu composition for methanol oxidation [14] . In agreement with this interpretation, Liu et al. found that, in spite of decreasing the onset potential of DME on Pt/C to 57 kJ mol −1 on PtRu/C [10] . Finding the ideal balance between the need for Pt clusters for DME molecule dehydrogenation and the presence of Ru to oxidize adsorbed CO is likely the key to successful development of a viable DME oxidation electrocatalyst. The need for balancing Ptand Ru-site content in PtRu catalysts is important for maximizing the activity of methanol oxidation catalysts [15, 16] . While that balance is also important for optimizing performance of catalysts for DME oxidation, the latter process must also take into account the oxidation potential of the catalyst itself (not the case in methanol oxidation catalysts). This makes the selection of the best catalyst for DME oxidation more challenging.
Anode Activity and Fuel Crossover DME anode polarization plots measured with different PtRu catalysts are presented in Fig. 3 . In turn, the onset potential and working potential values at two different current densities of DME oxidation (0.1 and 0.4 A cm
) are summarized in Table 2 . In order to minimize the effect of residual currents on the measured potential value, the onset potential has been defined in this work as the potential at which the current density of DME oxidation reaches 0.01 mA cm . In agreement with Fig. 1 , Ru-rich catalysts are more active for the DME oxidation at low potentials, below 0.35 V (lower onset potentials of DME oxidation). Pt-rich catalysts perform better at higher potentials, above 0.5 V. The PtRu anodes tend to undergo deactivation towards DME oxidation at even higher potentials (E>0.8 V). The deactivation is more severe for Rurich than Pt-rich catalysts. The effect can be ascribed to more facile oxide formation of the surface of Ru-rich catalysts and possibly also due to Ru dissolution [14] .
The crossover plots for DME and methanol are compared in Fig. 4 . The experiments indicate much lower DME oxidation currents at the cathode than those of methanol, especially at higher potentials, suggesting lower DME crossover and, once again, the inactivity of the oxidized Pt surface (possibly also Ru-contaminated [17] ) for DME oxidation. The data show that, unlike the oxidation of methanol, DME oxidation is significantly hindered on the oxide-covered surface of Pt, an effect also observed by Liu et al. [8] . A similar effect can be seen for the PtRu alloy catalysts in Fig. 3 .
DDMEFC Performance Optimization
The effect of DME mass transfer on the DDMEFC performance was studied as functions of the flow rates of humidified DME gas and anode back pressure. Panels a and b of Fig. 5 show, correspondingly, the influence of the DME flow rate and anode back pressure on DDMEFC performance. While changing the DME flow rate in the range from 40 to 140 sccm (standard cubic centimeters per minute) has little effect on the DDMEFC performance, the cell performance in the masstransport-controlled region is noticeably enhanced by an increase in the anode back pressure from 0 to 2.1 bar. Recently, using impedance, Ueda et al. [18] demonstrated that anode humidification plays a significant role in the DDMEFC performance. The ideal stoichiometric DME-towater and methanol-to-water molar ratios in DDMEFC and DMFC oxidation are 1:3 and 1:1, respectively, i.e., the oxidation of DME requires significantly more water than the oxidation of methanol. Anode humidification at 85°C, which was initially used in this study, yields a DME-to-water molar ratio of approximately 1:0.7. Since this is significantly higher than the stoichiometric ratio of 1:3, water starvation is likely to occur at the anode, lowering the rate of DME electrooxidation. Higher anode humidification temperatures of 95 and 110°C were therefore used to determine the effect of the water content on the rate of DME oxidation. At these humidification temperatures, the expected DME-to-water molar ratios are 1:0.9 and 1:3, respectively. The measured total pressures of the anode humidifier, DME partial pressures, and corresponding DME-to-water molar ratios at various temperatures are listed in Table 3 . As shown in Fig. 6 , the cell performance is enhanced when the ideal DME-to-water molar ratio approaches the stoichiometric value of 1:3. The DDMEFC current density at 0.5 V measured with DME-to-water molar ratios of 1:0.7, 1:0.9, and 1:3 are ca. 0.10, 0.12, and 0.14 A cm −2 , respectively. Noteworthy, the HFR of the cell is nearly independent of the DME-to-water molar ratio, suggesting that the enhanced DDMEFC performance is not due to an improvement in the ionic conductivity of the membrane but is indeed caused by the effect adjusting the ratio of the two reagents in the initial step of the oxidation process.
Since DME is much less polar than methanol, it is expected to permeate the Nafion ® membrane to a lesser degree than methanol. There is, however, conflicting information regarding the effects of DME crossover in the literature. Muller et al. [2] found only trace amounts of CO 2 in the cathode outlet and concluded that DME was not oxidized at the cathode. Mizutani et al. [3] demonstrated that DME had less effect on the oxygen reduction reaction (ORR) than methanol in the half-cell experiments. The permeated DME was not oxidized to the same degree in the DDMEFC as methanol in the DMFC. In contrast, Mench et al. [19] and Herring et al. [20] obtained lower fuel cell performance when using relatively thin Nafion ® 115 or 112 membranes in comparison to thick Nafion ® 117. Those results suggest a significant impact of DME crossover on the fuel cell performance.
In this work, Nafion ® 117 (175 μm thick) and Nafion ® 212 (50 μm thick) were used in the DDMEFC testing. The influence of membrane thickness on fuel cell performance is shown in Fig. 7 . Unlike DMFC performance, the iR-corrected DDMEFC performance in the kinetic region is independent of the membrane thickness, indicating relatively low fuel crossover and/or low activity of DME at the Pt cathode compared to that of methanol (this agrees with the anode polarization data in Fig. 4) . In the high current density range, the effect of fuel crossover diminishes due to a decrease in the concentration gradient across the membrane caused by an increased consumption of DME at the anode. Also, the generation of large quantities of water at the cathode may inhibit DME permeation at high current densities [3] . Based on the results of this study, it can be concluded that a thinner membrane benefits the DDMEFC performance due to a lower ohm resistance without much of a penalty from increased DME crossover. Nafion ® 212 membrane was thus used in the DDMEFC experiments described in the section below.
DDMEFC vs. DMFC
Müller et al. [2] demonstrated that performance of a DDMEFC under 5 atm at 130°C is nearly identical to that of a DMFC. However, the DDMEFC performance remains inferior to that of a DMFC at a more realistic temperature of 80°C. The performance of an optimized DDMEFC at 80°C is compared to that of a DMFC in Fig. 8a . The measured performance was summarized in Table 4 . Although the anode polarization data in Fig. 8b indicate slower kinetics of DME oxidation compared to that of methanol, the DDMEFC performance is superior to that of the DMFC at cell voltages higher than 0.55 and 0.49 V for two "standard" methanol feed concentrations of 0.5 and 1.0 M, respectively. The effect is most likely caused by the lower fuel crossover and reduced impact on the cathode performance. the achieved DDMEFC performance is higher than the best performance published to date [21] . Electrooxidation of DME and methanol on the Pt 50 Ru 50 black catalyst was also studied in an electrochemical cell at 25°C (Fig. 9) . In the absence of either DME or methanol in the solution, the voltammetric features in the potential range from 0.05 to 0.40 V are solely reflective of hydrogen adsorption/desorption. In the presence of both fuels, the hydrogen peaks are significantly suppressed by chemisorbed intermediate species, most likely CO. It is worth noting that DME oxidation on the Pt 50 Ru 50 catalyst in this work gave rise to a single broad peak (cf. Fig. 9 ) rather than two peaks observed with Pt catalysts by Kerangueven [7] and Zhang [9] and attributed to the oxidation of CO ad and (-CHO) ad . No oxidation current was observed in this work above 0.9 V, where the PtRu surface becomes gradually covered with oxides and therefore less active in the DME oxidation [8, 10] . This is unlike the case of methanol oxidation that continues up to 1.2 V. In contrast with Müller's result [2] , the CV curves with and without DME above 0.9 V in the positive-going scan are not completely identical, indicating that some adsorbed species may be present at the Pt surface in this potential region and block the formation of Pt oxides. During the positivegoing scan, the onset potential of DME oxidation on the Pt 50 Ru 50 catalyst is by ca. 90 mV higher than that of methanol oxidation (0.39 vs. 0.30 V). Furthermore, the current peak of methanol oxidation measured on the Pt 50 Ru 50 catalyst is significantly larger than that of DME oxidation. The presented data imply that, in agreement with the anode polarization plots at 80°C (Fig. 8b) , DME does not adsorb and oxidize as readily as methanol on PtRu catalysts at 25°C. Müller et al. [2] offered two explanations of this effect: (i) C-H bonds in the second methyl group in the DME molecule being less reactive than C-H bonds in methanol and (ii) adsorption of DME on the surface partially covered with CO being less likely than that of methanol.
Conclusions
In this work, unsupported PtRu anode catalysts with a wide range of Pt-to-Ru ratios were systematically studied in DDMEFCs. Ru-rich catalysts offer better performance at high fuel cell voltages (kinetic region of the anode), while Pt-rich catalysts perform better at low voltages. Pt 50 Ru 50 shows the best overall performance at potentials, where the anode performance is controlled by the rate of DME oxidation. These observations can be explained by a bifunctional mechanism for DME oxidation, whereby the presence of Ru in Pt-based catalysts has two opposing effects. Ru is capable of activating water molecules to generate OH species at low potentials. These surface OH species subsequently act as an oxidant of the adsorbed CO on Pt, likely the dominant intermediate poisoning Pt sites during DME oxidation. In the meantime, high Ru content reduces the probability of Pt cluster formation. Such clusters are required for DME adsorption and subsequent dehydrogenation in the early phase of the oxidation process.
The optimization of fuel cell operation conditions, including DME flow rate, anode back pressure, DME-to-water molar ratio, and membrane thickness, helps maximize the DDMEFC performance. In this work, a maximum power density of 0.12 W cm −2 was achieved at a current density of 0.39 A cm −2
. Compared to the traditional DMFC, an optimized DDMEFC performs better at cell voltages higher than 0.55 and 0.49 V for 0.5 and 1.0 M methanol feed concentrations, respectively. This is mainly due to a lower crossover and/or lower activity of DME at the air cathode compared to methanol. However, the DME oxidation at PtRu catalysts remains kinetically handicapped relative to methanol. Further development of advanced electrocatalysts for DME oxidation is the key to the success of implementing the DDMEFC technology [22] . 
